Improved Thermoelectric Properties in (1-x)LaCoO3/(x)La0.7Sr0.3CoO3
  Composite by Kumar, Ashutosh et al.
Improved Thermoelectric Properties in (1− x)LaCoO3/(x)La0.7Sr0.3CoO3 Composite
Ashutosh Kumar1,2∗, D. Sivaprahasam3, Ajay D Thakur1
1Department of Physics Indian Institute of Technology Patna Bihta 801 106 India
2Lukasiewicz Research Network-Cracow Institute of Technology Krakow 30-418 Poland
3Center for Automotive Energy Materials ARC International IITM Research Park Chennai 600 113 India
The reduced thermal conductivity is primarily important to achieve a high figure-of-merit in
thermoelectric (TE) system. In this study, TE properties of (1 − x)LaCoO3/(x)La0.7Sr0.3CoO3
(0.00≤x≤0.05) composite system is investigated. The structural analysis confirms the presence of
individual phases in the composite which is further supported by electron microscopy images. The
x-ray photoelectron spectroscopy measurements reveals the formation of oxygen vacancies in the
composites. This leads to tune the charge states of cobalt and increases the degenerate states
and hence the Seebeck coefficient (S) in the composite increases. Temperature variation in S and
electrical conductivity (σ) are consistent with the spin-state transition and shows the correlation
between these two parameters. The thermal conductivity (κ) reduces significantly due to enhanced
phonon-phonon scattering as well as reduction of σ with the addition of ball milled La0.7Sr0.3CoO3
in the composite. A synergistic effect of enhancement in S and reduction in κ results into five times
improvement in the figure-of-merit of the composite compared to parent LaCoO3 system at 800 K.
This approach also improves the operating temperature for LaCoO3 based systems.
I. INTRODUCTION
Oxide thermoelectric (TE) materials are a potential
choice for direct conversion of heat to electrical energy
for power generation and cooling application owing to
their stability at high temperature in open environment
[1–3]. The efficiency of these TE power generators de-
pends on figure-of-merit (zT, a dimensionless quantity)
and zT depends on Seebeck coefficient (S), electrical
conductivity (σ), thermal conductivity (κ) and absolute
temperature (T) as zT=S2σT/κ, where S2σ is com-
monly known as power factor. It is often challenging to
optimize these three parameters in a single material with
low κ (such as in glass), high σ (like in metals) and high
S (as in semiconductors) owing to their interdependence.
Also, κ is a combination of two parts: electronic thermal
conductivity (κe) and phonon thermal conductivity
(κph) where κph dominates the κ, in general, for oxide
TE materials. There are several methodologies employed
to enhance the zT value in oxide TE systems either by
improving S2σ and/or reducing the κph [4–6].
Cobalt-based oxides (NaxCoO2 [7], LaCoO3 [8] etc.)
have shown promise to become one of the best TE
systems due to the existence of different charge states
of cobalt (Co) along with different spin-states which
affects the Seebeck coefficient following Heikes formula
[9]. The electronic configuration of Co in different
spin-states are: Co3+:LS (t62ge
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g) where LS,
IS and HS are low spin, intermediate spin and high
spin respectively [10]. The transition between these
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spin-states is temperature dependent [11, 12]. Also, the
temperature at which the spin-state transition takes
place depends on the substitution of alkaline metals
at rare earth site in LaCoO3 [13, 14]. The zT values
in LaCoO3 (LCO) can be improved by co-substitution
as well as using composite approach [15–17]. However,
in these studies, κ values are dominated by κph and
this indicated a possibility to further improve the zT
values via reducing the κph which can be achieved in
nanostructured systems.
Motivated by the dominant nature of κph in LaCoO3 sys-
tem, as reported in our previous studies [15–17], we study
the TE properties in (1− x)LaCoO3/(x)La0.7Sr0.3CoO3
composite. The secondary phase (La0.7Sr0.3CoO3) in the
present study is more conducting as the Sr concentration
is large compared to our previous studies. Also, this
conducting phase is ball-milled to further reduce its
particle size which can enhance phonon scattering in the
system.
II. EXPERIMENTAL SECTION
Polycrystalline samples of LaCoO3 (LCO) and
La0.7Sr0.3CoO3 (LSCO) are synthesized using the
standard solid-state method. In the synthesis process,
stoichiometric amount of La2O3, Co3O4 for LCO and
La2O3, SrCO3 & Co3O4 for LSCO are weighed and
mixed separately using mortar-pestle in acetone as liquid
medium. Both the mixture of LCO and LSCO are cal-
cined separately in a muffle furnace in air using alumina
crucible at 1473 K for 20 hours with 3◦/min heating
and cooling rate. Among the LCO and LSCO calcined
samples, LSCO sample is ball-milled to reduce its
particle size using a planetary ball mill with 300 rpm for
24 hours. The ball (zirconia) to powder weight ratio is
2maintained to 10:1. The ball-milled LSCO is then added
with LCO to make (1 − x)LaCoO3/(x)La0.7Sr0.3CoO3
composite for x=0.00, 0.02 and 0.05. These LCO-LSCO
mixture are then consolidated into three sets of pellet
of 20 mm diameter and are sintered at 1523 K for 12
hours. Crystallographic structure and phase identifi-
cation are done via X-ray diffraction (XRD) pattern
using Rigaku diffractometer (λ=1.5406 A˚) followed by
Rietveld refinement. Field emission scanning electron
microscopy (FE-SEM, Zeiss) and energy dispersive X-ray
spectroscopy (EDXS) are performed for microstructural
and chemical compositions studies. Further, X-ray pho-
toelectron spectroscopy (XPS) measurement (Thermo
Fischer scientific ESCALABTM Xi+) is done at room
temperature to investigate the chemical composition of
the composite. The sintered pellet is cut into rectangular
bar of 12 mm× 4mm × 4mm dimension to measure σ and
S from SeebsysTM system in four-probe configuration
in a wide temperature range from 300 K to 800 K. The
thermal conductivity (κ=DρCv) was measured using
laser flash analysis (LFA), where D is thermal diffusivity,
ρ is sample density, and Cv is specific heat calculated
using Dulong-Petit law. Potential Seebeck microprobe
(PSM, PANCO Gmbh, Germany) measurement is used
to probe the local variation in S for all the samples at
room temperature [18]. The typical sample dimensions
are 2 mm × 1 mm and PSM measurements are performed
with a position resolution of 25µm.
III. RESULTS AND DISCUSSION
Figure 1(a) depicts the powder x-ray diffraction
(PXRD) pattern for (1 − x)LaCoO3/(x)La0.7Sr0.3CoO3
composite with x=0.00, 0.02-BM and 0.05-BM. The
diffraction pattern of the composite shows the XRD
peaks corresponding to LCO and LSCO only with
LCO samples having their characteristic 2θ peaks at
32.88◦ (110) and 33.24◦ (104). This is in line with the
ICDD File no. 048-0123 [19]. Figure 1(b) represents
the XRD pattern for ball milled LSCO sample. The
maximum intensity peak corresponding to (110) and
(104) for LSCO is indistinguishable as the broadening
due to crystallite size lead to superposition of these
two peaks. We observed that there is a shift in the 2θ
peak of the composite sample towards a lower 2θ angle
for x=0.02-BM. However, the shift in the 2θ position
remains unchanged for the sample with x=0.05-BM
(inset Fig. 1a). This is understood as following: ac-
cording to ICDD Files , the LaCoO3 has peaks at 32.88
and 33.24 (048-0123) and La0.7Sr0.3CoO3 has peaks at
32.89 and 33.12 (075-8570). The superposition of these
peaks in the composite shift the maximum intensity
peak towards lower 2θ values and the two peaks come
closer. Further, increase in the LSCO phase fraction in
the composite does not change the 2θ position, however,
the broadening in the peak is observed which may be
FIG. 1: (a) Powder X-ray diffraction pattern for (1 −
x)LaCoO3/(x)La0.7Sr0.3CoO3 with x=0.00, 0.02 and 0.05 ob-
served at room temperature. Miller indices and Bragg’s posi-
tion for LaCoO3 and La0.7Sr0.3CoO3 is marked. The zoom-in
image of maximum intensity peak for all the samples is shown
in the left inset. Right inset shows the change in 2θ posi-
tion for (1−x)LaCoO3/(x)La0.7Sr0.3CoO3 with x=0.00, 0.02
and 0.05 (b) Powder X-ray diffraction pattern for ball milled
La0.7Sr0.3CoO3.
ascribed to the increase in the nanocrystalline phase in
the composite. It is observed that the 2θ position for
pristine LCO sample is 33.24◦ which decreases to 33.20◦
for x=0.02-BM and remains constant for x=0.05-BM.
This suggests that both the phases in the composite are
preserved and is consistent with the previous studies in
similar composites [16, 17, 20]. However, due to sintering
at high temperature, there might be some inter-atomic
diffusion between the two component in other composite
systems as reported elsewhere [21]. However, in the
present study, for small LSCO phase fraction (up to
5%), there is no diffusion of LCO and LSCO phases is
seen.
The powder XRD pattern of (1 −
x)LaCoO3/(x)La0.7Sr0.3CoO3 composite is further
analyzed using the two-phase Rietveld refinement proce-
dure by employing FullprofTM software with R3¯c space
group to estimate the structural information such as
lattice parameters, phase fraction etc. The refinement
pattern for the composite with x=0.00, x=0.02-BM and
x=0.05-BM composite samples are shown in Fig. 2(a-c)
and the corresponding lattice parameters, phase fraction
for each phase and refinement parameters are shown in
Table I. The lattice parameters for LCO obtained from
the refinement pattern is similar to that observed in pre-
3FIG. 2: Rietveld refinement pattern for (1− x)LaCoO3/(x)La0.7Sr0.3CoO3 (a) x=0.00 (b) x=0.02-BM (c) x=0.05-BM. Exper-
imentally observed, calculated, difference curve and Bragg’s position are shown.
vious reports [22]. It is noted that the individual phases
of LCO and LSCO are refined first using their powder
XRD pattern and the lattice parameters obtained from
these refinement have been used to simulate the powder
x-ray diffraction pattern of the composite samples. The
lattice parameters are kept constant, as observed from
the XRD pattern, during two-phase Rietveld refinement
of the composite samples. The goodness of fit for all the
refinement is well in the acceptable limit. The phase
fraction obtained from the refinement are in line with
the nominal composition of the composite.
Field emission scanning electron microscope (FESEM)
TABLE I: Goodness of fit (χ2), lattice parameters (a, c), and
phase fraction for (1 − x)LaCoO3.(x)La0.7Sr0.3CoO3(0.00 ≤
x ≤ 0.05) composite sample obtained from the Rietveld re-
finement of the XRD patterns.
x a(A˚) c(A˚) Phase % χ2
0.00 LCO 5.439 13.084 100 1.64
0.02-BM
LCO 5.439 13.084 98.4
1.65
LSCO 5.396 13.295 1.6
0.05-BM
LCO 5.439 13.084 96.2
1.55
LSCO 5.396 13.295 4.8
images for LaCoO3, ball-milled La0.7Sr0.3CoO3 and
(1 − x)LaCoO3/(x)La0.7Sr0.3CoO3 powders for x=0.05-
BM are shown in Fig. 3(a-d). Fig. 3(a) shows the
large particle size of LCO owing to the high calcination
temperature and the corresponding particle size is in the
range of 0.25-3 µm, as shown in the particle size distribu-
tion in the inset of Fig. 3(a). Fig. 3(b) shows the FESEM
images of the ball-milled La0.7Sr0.3CoO3 sample. It is
observed that the particle size for La0.7Sr0.3CoO3 lies
in the range of ∼40-500 nm. The distribution curve
corresponding to ball-milled LSCO is shown in the inset
of Fig. 3(b). Fig. 3(c) shows the FESEM image of the
composite with x=0.05-BM. Since the phase fraction of
LSCO in the composite is small (∼5%), it is difficult
to find the large number of small particle size in the
FESEM image. However, a few particles having an
average diameter of ∼ 200 nm (Fig. 3(d)) is observed
along with the large particle size LCO phase. However,
LaCoO3 based materials display very broad distribution
of particle sizes, in general, and hence it is difficult to
conclude that this small particle is of LSCO and not
LCO. To justify our claim, we performed EDXS mea-
surement on the zoom-in sample (Fig. 3(d)). Fig. 3(e)
shows the EDXS spectra of the LaCoO3 particle and as
can be seen from the spectra, peaks corresponding to
La, Co and O are observed. Fig. 3(f) shows the EDS
spectra of small particle (∼194 nm, Fig. 3(d)) and it is
noted that along with La, Co and O, we also observed a
tiny peak due Sr which confirms that the small particle
is of LSCO. This confirms the existence of LCO and
LSCO phases in the composite. Further, the density
measurements for all the pellets after sintering have
been performed. The experimental density, theoretical
density and relative density for all the composite sample
are shown in Table II. Theoretical densities for the
composite samples are calculated following the rule of
mixtures. The experimental densities are calculated
using the mass of the sintered pellets and its geometric
volume. It is found that the relative density for these
samples lies between 86-88%.
In order to investigate the chemical composition of the
TABLE II: Theoretical, Experimental and Relative density
for (1− x)LaCoO3.(x)La0.7Sr0.3CoO3(0.00 ≤ x ≤ 0.05) com-
posite.
x Theoretical Experimental Relative
density(g/cm3) density(g/cm3) density(%)
0.00 7.250 6.300 86.9
0.02-BM 7.220 6.295 87.2
0.05-BM 7.205 6.289 87.3
samples, wide and short range XPS measurements are
performed at 300 K. Fig. 4(a-f) represents the XPS peak
for x = 0.00 and 0.05-BM samples. Fig. 4(a) represents
the wide scan range for both the samples in which all
the individual peaks of the corresponding elements are
observed. In Fig. 4(b), a small peak in the Sr 3d spectra
for the sample with x = 0.05-BM is observed, which
is absent in the parent sample (x=0.00). This may be
attributed to the small addition of La0.7Sr0.3CoO3 to
4FIG. 3: FESEM image and particle size distribution (inset) for (a) LaCoO3 (b) ball-milled La0.7Sr0.3CoO3. (c) FESEM image
for (1−x)LaCoO3/(x)La0.7Sr0.3CoO3 composite powder sample with x=0.05-BM, (d) high magnification image for x=0.05-BM,
(e) EDS spectra of spectrum 1 and (f) spectrum 2 region in Fig.(d).
the LCO matrix.
Further, the short range scan of Co-2p spectra for both
the samples is shown in Fig. 4(c-d). The XPS peaks
for Co-2p3/2 and Co-2p1/2 are observed at 780.6 eV
and 795.8 eV respectively for both the samples. The
deconvolution of the Co-2p3/2 and Co-2p1/2 peaks shows
the contribution of Co3+ and Co2+ [23]. It is noted
that in LaCoO3 sample, the charge state of cobalt
should be Co3+, in general, and in La0.7Sr0.3CoO3, the
fractional addition of Sr at La site leads to change the
same proportion of Co3+ to Co4+. The binding energy
corresponding to Co3+ and Co4+ are very close [24] and
are shown in single peak due to Co3+ in Fig. 4(c-d). It
is observed that, in pristine LaCoO3, along with Co
3+
there is presence of peak due to Co2+ and this indicates
that the pristine LaCoO3 possesses oxygen deficiency
[25]. Also, it is noted that the intensity corresponding to
Co2+ increases along with Co3+/Co4+ with an increase
in the LSCO phase fraction in the composite suggesting
further increase in the oxygen vacancy in the system.
To confirm the behavior of cobalt spectra, short range
XPS for O-1s is analyzed and is shown in Fig. 4(e-f).
The individual peak of O-1s is de-convoluted into three
distinct peaks having binding energies of 529.2 eV,
531.3 eV and 532.6 eV respectively for x = 0.00. The
oxygen peak at 529.2 eV is attributed to the presence
of oxygen atoms at the regular lattice sites (LO).
The oxygen 1s peak having binding energy 531.3 eV
corresponds to the oxygen-deficient (VO) regions and
oxygen peak having higher binding energy is attributed
to the presence of interstitial oxygen (IO) atoms or
non-stoichiometric oxygen [26]. The presence of VO
peak in the O-1s spectra for LCO confirms the presence
of oxygen vacancy in the pristine sample and supports
FIG. 4: XPS measurement of (1 −
x)LaCoO3/(x)La0.7Sr0.3CoO3 composite samples (a)
full scan (b) Short scan of Sr-3d (c) short scan of Co 2p for
x=0.05-BM (d) short scan of Co 2p for x=0.00 (e) short scan
of O 1s for x=0.05-BM (f) short scan of O 1s for x=0.00.
the XPS peak due to Co2+ in LCO. Further, it is
observed that as LSCO is added to the LCO, the oxygen
vacancies are found to increase and is clearly observed
from Fig. 4(e-f), i.e., the intensity of the regular oxygen
sites O-1s peak decreases and O-1s peak for oxygen
vacancies increases for x = 0.05-BM composite sample.
This suggests to increase the Co2+ charge states in
the composite as observed in Fig. 4(c). In the present
composite system, the different charge states of Co do
exist and are confirmed from the XPS measurements.
Figure 5 shows the temperature variation of the
5FIG. 5: Temperature variation of Seebeck coefficient (S) for
(1− x)LaCoO3/(x)La0.7Sr0.3CoO3 samples.
Seebeck coefficient (S) for the composite with x=0.00,
x=0.02-BM and x=0.05-BM from 300-800 K. At 300 K,
the value of S is positive for LaCoO3, indicating the
p-type conduction in the system dominated by the
presence of hole. Hebert et al. showed that the sign of
Seebeck coefficient in LaCoO3 can be tuned depending
upon the extent of hole and electron doping [27]. The S
value for LaCoO3 at 300 K is 236 µV/K. This is lower
than several reported studies in pure LCO system at
300 K [8, 28]. This decrease in S for LCO may be due
to presence of oxygen vacancies in the pristine LCO
system itself, as confirmed from XPS measurement, and
is similar to previous studies [28]. Further, S increases
from 236 µV/K for x=0.00 to 245 µV/K for x=0.02-BM
to 256 µV/K for x=0.05-BM at 300 K. This increase in
the value of S with the addition of LSCO ball-milled
sample may be ascribed to the fact that addition of
ball-milled LSCO sample in the composite leads to an
increase in the oxygen vacancies and tunes the charge
states of cobalt.
The Seebeck coefficient in LaCoO3 originates from the
strong electronic correlation and large configurational
entropy in cobaltates. The several spin-states and
orbital degeneracies in cobaltate drives the configura-
tional entropy which improves the Seebeck coefficient.
Further, the S for LaCoO3 system first increases with
the increase in the temperature up to 340 K and then
decreases rapidly with further increase in the temper-
ature as reported elsewhere [29]. Slope change in the
temperature dependence of the S curve is observed
at 340 K and 640 K. This change in the slope of S
with increase in the temperature is attributed to the
spin-state transition in the system [30]. The first slope
change may be due to the transition from the IS state
to a mixed state of IS and HS state and transition at
640 K is due to the change in the mixed state of IS and
HS to HS state [30]. In the composite samples, the
S also first increases up to 360 K and then decreases
slowly as compared to the parent LCO sample with
FIG. 6: Local variation of Seebeck coefficient
(S) and corresponding histogram is shown for
(1 − x)LaCoO3/(x)La0.7Sr0.3CoO3 composite with (a,d)
x=0.00 (b,e) x=0.02-BM (c,f) x=0.05-BM respectively.
a further increase in the temperature. We observed a
change in the spin-state transition temperature in the
composite consistent with the previous reports which
suggest that the transition temperature depends on the
substitution of alkaline element at rare-earth site [31].
In addition to this, we also observed a slope change
in the S dependence on temperature in the composite
sample, this is due to the temperature variation of
spin-state transition in the substituted and composite
sample. We also observed that with the addition of
LSCO, the temperature at which the slope changes
are observed is shifted to a higher temperature which
shows that the intermediate spin (IS) state is active
up to higher temperatures in the composite samples.
This may be understood as following: As observed from
the XPS measurement, the addition of LSCO leads to
decrease in the oxygen concentration and hence increases
the concentration of different charge states of cobalt.
This leads to increase in the degeneracy of the charge
states and hence the energy required to change the spin
states is more and therefore the transition temperature
increases. The value of S is 138µV/K at 800 K for
LSCO added sample (x=0.05-BM), which is around four
times higher than the LCO sample and is the maximum
S values compared to other reports on co-substituted
and composite based LCO systems [32, 33].
The Seebeck coefficient obtained using four probe
configuration provides the average contribution of the
sample at each temperature. However, the spatially
resolved distribution of the S is measured using potential
Seebeck microprobe. Local variation of S at 300 K for
the composite samples with x=0.00, x=0.02-BM and
6FIG. 7: Electrical conductivity (σ) as a function of tem-
perature (T) for (1 − x)LaCoO3/(x)La0.7Sr0.3CoO3 com-
posite sample. Solid line is a guide to the eye. In-
set shows the Arrhenius plot: ln σ vs 1000/T for (1 −
x)LaCoO3/(x)La0.7Sr0.3CoO3 composite sample. The solid
line in the inset depicts the linear fitted curve of the experi-
mental data.
x=0.05-BM are shown in Fig. 6(a-c). The distribution
of the S across the sample surface is also shown from
the histogram curve in Fig. 6(d-f). For x=0.00, we
observe a small variation in S as can be seen from
the histogram curve in Fig. 6(d), which suggests the
homogeneous nature of LCO sample. The histogram
for the composite samples are broader compared to
LCO suggesting that different components in the com-
posite lead to a broad distribution of S as shown in
Fig. 6(e-f). We did not observe smaller values of S
which corresponds to LSCO and is due to the difference
in particle size (∼200-500 nm) and resolution of PSM
(25µm). The average value of S obtained from PSM
for (1 − x)LaCoO3/(x)La0.7Sr0.3CoO3 with x=0.00,
0.02-BM and 0.05-BM are 231.2 µV/K, 241.4 µV/K and
249.3 µV/K respectively. These S values observed for all
the samples are consistent with the Seebeck coefficient
measurement at 300 K. Also, the results obtained from
PSM are consistent with the previous studies in the
similar composite systems [16, 17].
Figure 7 shows the variation of electrical conductivity
(σ) for the composite samples with x=0.00, 0.02-BM
and 0.05-BM from 300-800 K measured using standard
DC four-probe technique. The σ of the composite is
found to decrease with the increase in the LSCO phase
fraction at 300 K. The decrease in σ may be due to
increase in charge carrier scattering due to increase in
nanocrystalline phase [34, 35]. The σ at 300 K for LCO
is 0.15 S/cm and it reduces to 0.09 S/cm for x=0.02-BM
to 0.05 for x=0.05-BM. Further, σ is found to increase
with the increase in temperature for all the samples
FIG. 8: Total thermal conductivity (κ), electronic ther-
mal conductivity (κe) and phonon thermal conductiv-
ity (κph) as a function of temperature (T) for (1 −
x)LaCoO3/(x)La0.7Sr0.3CoO3 with x=0.00, 0.02 and 0.05.
The Solid line is a guide to the eye.
showing the semiconducting behavior. The σ decreases
by an order of magnitude at 800 K with the addition
of LSCO in the composite. In the present case, the σ
at 800 K is ∼632 S/cm for LaCoO3 and it reduces to
91 S/cm for x=0.02-BM to 52 S/cm for x=0.05-BM.
This decrease in the σ values for the composite samples
are analogous to the increase in S values at the same
temperature. We show Arrhenius plot (ln σ vs 1000/T)
for the composite samples in the inset of Fig. 7. Slope
changes are observed in the Arrhenius plot and may be
correlated to the spin-state transition in the cobalt [36].
There are three different regions observed in the linear
fitted curve for the composites with x=0.00, x=0.02-BM
and x=0.05-BM and are analogous to the slope change
in the S with temperature. This also shows the strong
correlation between σ and S.
If the electrical transport is determined by one type
TABLE III: Comparison of total thermal conductivity (κ)
observed in similar cobaltate systems
Sample Name κ Temp. Ref.
(W/m-K) (K)
La0.5Sr0.5CoO3−δ 0.6 300 [40]
La0.98Sr0.02CoO3-BiCuSeO 0.8 700 [41]
LaCoO3-La0.7Sr0.3CoO3 1.3 800 This work
of carriers (in the present study the majority carri-
7FIG. 9: Figure-of-merit zT as a function of temperature (T)
for (1− x)LaCoO3/(x)La0.7Sr0.3CoO3 with x=0.00, 0.02 and
0.05. The Solid line is a guide to the eye.
ers are holes), the total thermal conductivity κ is a
combination of two components: electronic thermal
conductivity (κe) and phonon thermal conductivity
(κph). The κe can be calculated by Wiedemann-Franz
law: κe = LσT , here L is the Lorenz number and
is calculated using the L = 1.5 + exp[−|S|/116] [37].
Further, κph has been extracted by subtracting κe from
κ. The κ, κe, and κph as a function of temperature for
(1 − x)LaCoO3/(x)La0.7Sr0.3CoO3 composite sample
are shown in Fig. 8. At 300 K, κ reduces slightly with
the increase in ball-milled LSCO phase fraction in the
composite. However, with the increase in temperature,
we observed a sharp decrease in the value of κ in the
ball-milled sample. Also, the κe is found to increase with
the increase in temperature for LCO due to an increase
in its σ. Further, κph increases with the increase in tem-
perature up to ∼ 550 K, and then remains constant and
then decreases. This decrease may be attributed to the
decrease in the mean free path at higher temperatures.
For the composite sample, we obtained a decrease in
κph which may be attributed to the enhanced phonon
scattering due to the addition of small particle size
LSCO in the composite [38, 39]. Hence, the decrease
in κ for the composite is attributed to the decrease in
the both components i.e., κe due to decreased σ, κph
due to enhanced phonon scattering. The κ at 800 K
for LaCoO3 sample is ∼ 2.9 W/m-K and it lowers to ∼
1.48 W/m-K at the same temperature for x=0.02-BM
and 1.40 W/m-K for x=0.05-BM. This suggests that the
κ of LCO can be reduced almost to its half values via
adding small phase fraction of nanocrystalline LSCO
phase. A comparison of κ observed in similar cobaltate
system is shown in Table III.
The TE parameters S, σ and κ are used to es-
timate the figure-of-merit (zT ) for the composite
samples. The zT as a function of temperature for
(1 − x)LaCoO3/(x)La0.7Sr0.3CoO3 composite is shown
in Fig. 9. The zT value of LSCO added sample is
interestingly found to increase at a higher temperature
compared to the LCO system. This may be attributed
to the synergistic effect of increase in S and decrease
in κ at a higher temperature compared to the LCO
system [15]. We observed a maximum zT of ∼ 0.064
at 800 K for (1 − x)LaCoO3/(x)La0.7Sr0.3CoO3 with
x=0.02-BM sample which is higher than several stud-
ies in LCO based system at the same temperature
[42]. This indicates that the simultaneous effect of
improving S and reducing κ is promising for improv-
ing the TE performance of oxide system and provides
a pathway for future studies in composite thermoelectric.
IV. CONCLUSION
We synthesize the (1 − x)LaCoO3/(x)La0.7Sr0.3CoO3
composite samples using solid-state route. The x-ray
diffraction analysis confirms the existence of individual
phases in the composite, which is further supported by
electron microscopy investigations. X-ray photoelectron
spectroscopy reveals the presence of oxygen vacancies
in the LaCoO3 system and is found to increase in the
composite samples. The increase in S at 300 K in the
composite may be due to the increase in the degener-
ate states owing to the presence of oxygen vacancies. At
higher temperatures, the S in the composite is signifi-
cantly improved. This may be attributed to the follow-
ing: (a) decrease in σ, (b) increase in spin-state transition
temperature. The variation in σ with temperature for
the all the samples shows semiconducting nature. The
slope changes in the Arrhenius plot (ln σ vs 1/T) are
analogous to the spin-state transition in the composite.
Further, a significant reduction in the κ with increasing
LSCO phase fraction in the composite is observed. This
shows that the nanostructured LSCO system also acts as
a phonon scattering center which enhances the phonon-
phonon scattering and hence reduces the κph. The simul-
taneous ehancement of S and reduction in κ results in a
improved zT. A maximum zT of 0.064±0.007 at 800 K
for (1 − x)LaCoO3/(x)La0.7Sr0.3CoO3 with x=0.02-BM
is observed, which is five times higher than the LaCoO3
system at 800 K. However, further studies to optimize
the reduction in κ considering the interface thermal re-
sistance [43] and the Kapitza radius will be shown in our
future studies for minimal reduction in σ, which may be
beneficial in further improvement in the figure-of-merit.
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